Low-energy collision studies have shown that the scattering cross section for electrons by benzene rises sharply at electron impact energies below ∼ 200 meV. This was attributed in earlier work to electron attachment and formation of benzene anions with lifetimes τ 1 µs. A detailed study of electron attachment to benzene is reported here that makes use of Rydberg atom techniques. The data provide no evidence for the formation of long-lived benzene anions, although a small collisional ionization signal is observed which is consistent with the formation of short-lived excited anions (τ 3 ps).
. Experimental total integral (full circles) and total backward scattering cross sections (full squares) for electrons impacting on C 6 D 6 as a function of electron impact energy: data taken from Gulley et al (1998) . Open circles and squares, joined by dotted lines are theoretical values, respectively, of total integral and total backward cross sections from the full scattering calculations described in section 3. Christophorou et al (1973) showed that the mobility of electrons in benzene is anomalously low at thermal energies and suggested a momentum transfer cross section in excess of 100 Å 2 at low energies, in accord with results in Gulley et al (1998) . For reference, data from Gulley et al (1998) for C 6 D 6 are reproduced in figure 1. The upper set of data points (full circles) represent total integral scattering cross sections, where total refers to all elastic and inelastic processes contributing to the cross section and integral to scattering into the full 4π steradians. The lower set of data points (full squares) refers again to total cross sections, but for scattering into the backward hemisphere only.
These measurements, which extend down to electron energies of 20 meV for integral and 10 meV for backward scattering, were undertaken using a synchrotron photoionization electron source. The energy resolution varied between 3.5 and 8 meV full-width at half maximum. The rapid rise in cross section at low energy was attributed to the onset of electron capture, by analogy with species such as SF 6 or CCl 4 (e.g. Chutjian and Alajajian 1985) . It was suggested that attachment leads to the formation of relatively long-lived (τ 1 µs) parent negative ions. The scattering cross sections, measured to be greater than 150 Å 2 at 30 meV, would point to a large rate constant for thermal electron capture, ∼10 −7 cm 3 s −1 . Earlier studies of lowenergy electron attachment to C 6 H 6 using high-pressure swarm techniques (Christophorou and Goans 1974) have demonstrated the production of C 6 H − 6 ions. However, this work also suggested that the lifetime of the excited C 6 H − 6 ions, initially created by electron capture, is very short, 1 ps, and that the long-lived ions result from collisional stabilization. The target gas densities used in the low-energy data of Gulley et al are less than 1 mtorr and preclude collisional stabilization. Here we describe a detailed study of electron attachment to C 6 H 6 using Rydberg atom techniques. These measurements, however, fail to provide any evidence for formation of long-lived C 6 H − 6 ions, although a small collisional ionization signal was observed consistent with the formation of short-lived (τ 3 ps) excited C 6 H − 6 ions. At the same time as the experimental work of Gulley et al (1998) , an ab initio theoretical study of electron scattering by benzene (Gianturco and Lucchese 1998 ) also predicted a rise in cross section at impact energies below 500 meV. This was accompanied by a negative scattering length. These results provide an alternative explanation for the experimental scattering data and raise the interesting possibility that the large cross sections at low energy may be due to virtual state scattering, so far only identified clearly in electron scattering with CO 2 . Here we present the results of more detailed ab initio calculations that extend down to energies of 0.1 meV. The results are in good qualitative agreement with the experimental data, suggesting that the observed low-energy behaviour is indeed associated with virtual state scattering. In scattering of this nature the negative ion does not form and indeed cannot be accessed without changes in the nuclear geometry. Insufficient time is available in the encounter for this to occur. Note that, since deuteration does not significantly modify electron scattering in benzene, the present conclusions concerning the role of virtual state scattering apply equally well to C 6 H 6 and deuterated forms.
Experimental methods and results
In this section, direct measurements of electron attachment to C 6 H 6 using Rydberg atom techniques are described. Earlier work (Parthasarathy et al 1998 , Finch et al 1999 has shown that Rydberg atoms provide a valuable nanoscale laboratory in which to examine electron attachment processes. For values of principal quantum number n 10 the average separation between the Rydberg core ion and excited electron is much greater than the ranges typically associated with ion-molecule or electron-molecule interactions. Thus, in collisions with neutral targets, high-n atoms behave not as an atom but rather as a pair of independent particles. Negative ion formation in Rydberg atom collisions can therefore be pictured as resulting from electron capture in a binary interaction between the excited electron and target particle, thus providing a means to study electron-molecule scattering at thermal and sub-thermal electron energies.
Non-dissociative electron capture in K(np)/C 6 H 6 collisions can, in principle, lead to reactions of the form K(np) + C 6 H 6 → K + + C 6 H figure 2 and is described in detail elsewhere (Parthasarathy et al 1998 , Finch et al 1999 . Briefly, ground state potassium atoms contained in a collimated beam are excited to a selected np state using the output of an intracavity-doubled Rh6G ring dye laser. The laser is incident at an angle ∼ 2
• off-normal to the potassium beam to allow velocity-selective excitation through Doppler tuning, which improves the kinematic specificity of the measurements. Experiments are undertaken in a pulsed mode by forming the output of the laser into a train of pulses of ∼ 1 µs duration with a pulse repetition frequency of ∼ 5 kHz using an acousto-optic modulator. Excitation occurs in a weak DC field (∼1 V cm −1 ) and (typically) in the presence of a target gas (density ∼ 2 × 10 11 cm −3 ), near the centre of an interaction region defined by a pair of fine-mesh grids. This field rapidly accelerates any electrons formed in collisions out of the interaction region. To extract the heavier positive and negative ions, this field is pulsed to 6 V cm −1 4 µs after the end of the laser pulse. The extracted ions enter one of two time-of-flight mass spectrometers (TOFMSs) located above and below the interaction region. At the exit of the TOFMSs the ions are further accelerated and are detected by position-sensitive detectors (PSDs) that record the arrival time and position of each charged particle. Ion flight times through the TOFMSs are governed by the potentials applied to the drift regions and are typically ∼10 µs. Arrival time gating is used to identify those ions formed within ∼ 2 µs of the end of the laser pulse. Because the ions are initially created in a localized volume, their arrival position distributions at the PSDs reflect the product of the ion drift times and their transverse x and y components of velocity (see figure 2) . Spurious ion signals associated with black-body-radiation-induced photoionization and collisions with background gas were identified from measurements without a target gas present and subtracted from the signals observed with a target gas present.
No measurable C 6 H − 6 ion signal was detected following K(np)/C 6 H 6 collisions for any value of n in the range 15-55 (which corresponds to time-averaged Rydberg electron kinetic energies of 77 meV or less), even for ion flight times to the detector as short as 5 µs. This implies that low-energy electron attachment to C 6 H 6 does not lead directly to formation of long-lived (τ ∼ few µs) negative ions, or that at least, if it does, the rate constant for this process must be very small, that is, 10 −9 cm 3 s −1 . A small collisionally induced K + ion signal was detected at low n, but the rate constant associated with its production was small, ∼ 5-10 × 10 −9 cm 3 s −1 . (The low Rydberg atom production rate at higher n precluded reliable measurement of collisionally induced K + signals.) Such ionization might result from the transfer of either rotational or vibrational energy to the excited electron. Turning first to rotational energy transfer, C 6 H 6 has no permanent dipole moment and rotational energy transfer must be associated with the quadrupole moment of C 6 H 6 . As discussed in section 3 below, this suggests that the cross section for rotational energy transfer will be small. Furthermore, the rotational constants for C 6 H 6 are very small (A = B = 23.4, C = 11.7 µeV) compared with the energy required to ionize an atom with n ∼ 15-20. Thus only a tiny fraction ( 1%) of the molecules in a room-temperature distribution are in states of sufficiently high J to ionize parent atoms. These considerations suggest that collisional ionization through direct rotational energy transfer to the Rydberg electron is unlikely.
With respect to vibrational energy transfer, benzene has a number of low-lying vibrational modes that are populated at room temperature and whose vibrational spacing is greater than the energy required to ionize K(np) Rydberg atoms with n ∼ 15. Super-elastic scattering involving thermally populated vibrationally excited molecular states has been observed, for example, in SF 6 (Randell et al 1992) and, in principle, electron detachment from Rydberg states could take place through this mechanism. For such events to be of appreciable cross section, they must involve strong infrared transitions. The lowest-lying population which could be active in this respect is that associated with ν 4 (Herzberg 1945) , which at an energy of 83 meV makes up less than 4% of the benzene target population. Vibrationally inelastic cross sections for strong infrared (IR) allowed transitions are of the order of no more than a few Å 2 near threshold (Randell et al 1992 , Field et al 1991 , Rohr 1979 , Kochem et al 1985 and correspond to a collisional rate coefficient of less than 10 −8 cm 3 s −1 . When combined with the small active population, this suggests that vibrational energy transfer is not the dominant source of the observed K + signal. This signal is therefore attributed to electron capture and formation of short-lived C 6 H − 6 intermediates that undergo rapid autodetachment. Information on the lifetime of the C 6 H − 6 intermediate is provided by the K + ion arrival position distribution at the PSD. That observed following K(15p)/C 6 H 6 collisions is shown in figure 3 . The ion arrival position distributions are analysed using a Monte Carlo code (Ling et al 1990) that models the detailed kinematics of non-dissociative electron transfer reactions. This model is based on the independent particle picture, and attachment is viewed as resulting from a binary interaction between the excited electron and a C 6 H 6 target molecule. The initial velocities of the Rydberg atom and target molecule are chosen at random from the appropriate distribution of these parameters. The probability of capture at some point is assumed to be proportional to the local electron probability density. Following capture, the motions of the K + core ion and C 6 H − 6 intermediate are computed using classical mechanics. After a selected time, the intermediate is assumed to autodetach. Although the energy distribution of the detached electrons is not known, it is reasonable to expect that some energy redistribution will occur within the intermediate and to approximate the energy distribution by an exponential with a mean energy . If the electron kinetic energy is sufficient to allow it to escape the K + core ion, i.e. if the electron is not bound in some excited atomic state, the arrival position of the K + core ion at the PSD is calculated. Arrival position distributions are built up by considering the outcomes of many different collisions, taking into account the distribution of initial reactant velocities and impact parameters, and the assumed lifetime of the C 6 H − 6 intermediate. Figure 3 includes the results of model calculations that assume different C 6 H − 6 intermediate lifetimes. The mean energy of the detached electrons, , is not known. However, tests revealed that the predicted K + arrival position distribution is not sensitive to the exact choice of , at least for values 20 meV. Given that the mean energy of the captured electron for n = 15 is ∼ 77 meV and that the target is at room temperature (kT ∼ 25 meV), it is reasonable to expect that will be greater than 20 meV. The model predictions in figure 3 were obtained using the value = 30 meV.
The K + /C 6 H − 6 ion pairs created by electron transfer fall into two classes, those that are electrostatically bound and those that are not. Bound ion pairs orbit around their centre of mass until autodetachment occurs, whereas unbound ion pairs immediately begin to separate on hyperbolic trajectories. In both cases, if the lifetime of the C 6 H − 6 intermediate is very short, little scattering of the K + core ion can occur prior to autodetachment. Thus the K + core ions continue with essentially their initial velocities leading to a tight ion arrival position distribution at the PSD whose centre is determined by the initial (selected) Rydberg atom velocity and the ion flight time to the detector. As the lifetime of the intermediate increases, scattering of the K + core ion prior to autodetachment becomes important, leading to a broadening of the K + arrival position distribution. As is evident from figure 3, the changes in the predicted distributions are most pronounced as the intermediate lifetime is increased from 10 ps to 1 ns.
Very little scattering of the K + ions produced in K(15p)/ C 6 H 6 collisions is observed, pointing to a very short C 6 H − 6 intermediate lifetime. Detailed comparisons between theory and experiment suggest an upper limit of 3 ps, which is consistent with the results of the earlier high-pressure swarm measurements (Christophorou and Goans 1974) . Again, the data provide no evidence of formation of long-lived C 6 H − 6 ions, requiring that a different explanation be sought for the electron scattering results of Gulley et al (1998) .
Interpretation of data in terms of a virtual state
The preceding section shows that the rise in electron scattering cross section in electronbenzene collisions at very low energy is not due to the formation of long-lived C 6 H − 6 ions. Strong inelastic scattering is also not important since the target lacks a dipole moment (save the very weak dipole in C 6 H 5 D). The quadrupole moment of benzene (6.77 au, Ritchie and Watson 2000) gives rise to rotationally inelastic scattering. The value of the cross section may be estimated to be ∼ 5 Å 2 in the energy range of interest, using the expression given in Gerjuoy and Stein (1955) , and is approximately independent of energy in the energy range of interest. Quadrupole scattering therefore makes only a small contribution to the cross sections shown in figure 1 and is not the cause of the observed rise in cross section.
As noted in the introduction, the calculations of Gianturco and Lucchese (1998) point to the formation of a virtual state in very low-energy collisions of electrons with benzene. A physical description of the low-energy electron-benzene encounter is as follows. The electronbenzene interaction yields an attractive energy well. However, this well is unable to support a state of C 6 H − 6 , because the anion, to be a stable bound state, requires changes in the nuclear geometry as noted in the introduction. Classically, there is insufficient time in the encounter for nuclear motion to occur sufficiently to access the bound state. This bound state therefore lies in a classically inaccessible regime; the electron-benzene scattering state includes some admixture of the bound state character. If the bound state differs by an energy E from the total energy of the system, then the electron wave in the presence of a benzene molecule feels the influence of the energetically inaccessible state for the brief period t, where E t h/2π . The presence of the state gives a greater phase shift to the scattered electron wave and yields a correspondingly greater cross section.
Virtual state scattering is an s-wave phenomenon and should, in addition to causing the cross section to rise sharply at low energy, result in scattering which tends increasingly to backward-forward symmetry at low energy. Observed values of the ratio of backward to integral total scattering cross sections are shown in figure 4 (full circles). These data are consistent with a ratio of 0.5 in the limit of 'zero' electron impact energy. In addition, the experimental data may be used to show that the s-wave scattering length, A 0 , is negative-a necessary condition for virtual state scattering. We make the following assumptions: (a) that only s-and p-partial waves contribute to the low-energy scattering and (b) that the electronbenzene interaction potential is dominated by a charge-induced dipole potential of the form 1/r 4 , which may be taken to be spherically symmetric. With respect to (a), this is a good approximation at the low energies encountered here. In this connection, figure 4 shows that the ratio, σ B /σ T , lies between 0.35 and 0.4 at the lowest energies for which values have been measured (30 meV). Given the involvement of only s-and p-waves, it may readily be shown using expressions in Field et al (2001) that this ratio is consistent with a p-wave phase shift of ∼10% of the s-wave phase shift at this energy. With regard to (b), inserting values for the mean static polarizability (71.1 au 3 , 10.57 × 10 −24 cm 3 , Weast 1986 ) and the quadrupole moment of benzene, it may be shown that the mean charge-induced dipole potential remains more than twice as powerful as the charge-permanent quadrupole potential out to a range of interaction of ∼10 Å. Field et al (2001) developed a simple analysis, on the basis of assumptions (a) and (b), which showed that if the ratio σ B /σ T approaches 0.5 at 'zero' energy from below 0.5 as the energy falls, then the s-wave scattering length, A 0 , is negative; if the ratio approaches 0.5 from above 0.5 then A 0 is positive. Hence for benzene, our experimental results show that A 0 is negative. These considerations may be placed upon a proper quantitative footing by detailed calculations, which we describe below.
The scattering cross sections were computed using a single-centre expansion technique that has been discussed extensively before (Gianturco et al 1994 , Gianturco and Lucchese 1998 , 2000 . In this approach, the target is represented by a self-consistent field (SCF) wavefunction. In the case of C 6 H 6 the target wavefunction (Gianturco and Lucchese 1998) was constructed using a triple-zeta valence basis set including two polarization functions on each centre with the bond lengths R C-C = 2.640 and R C-H = 2.048 au. The electron scattering problem was then treated as a potential scattering problem within the fixednuclei approximation. The interaction potential for the scattered electron was composed of the static and non-local exchange interactions for the electron interacting with the SCF target state and an approximate local correlation-polarization potential. The correlationpolarization potential was obtained by smoothly joining (Gianturco and Lucchese 1999 ) a density functional approximation for the short-range correlation potential (Perdew and Zunger 1981, Padial and Norcross 1984) to a potential which asymptotically reproduces the correct static polarizability of the molecule. The total interaction potential is referred to as the staticexchange-correlation-polarization (SECP) potential. The actual scattering problem is then solved by employing a single-centre expansion of all bound and continuum orbitals. This leads to a set of coupled integro-differential radial equations which are solved using numerical integration (Gianturco et al 1994) . In this study all orbital expansions were truncated at l max = 40 and the expansion of 1/r 12 in the exchange and static potentials was truncated at l max = 80.
An important consideration for the computation of the scattering of very slow electrons is the range of the interaction. Asymptotically, the largest term in the electron-molecule interaction potential for e-C 6 H 6 scattering is the quadrupole term in the static potential. For C 6 H 6 , the SCF wavefunction gave a quadrupole moment of 8.77 au in fairly good agreement with the experimental value of 6.77 ± 0.27 au (Ritchie and Watson 2000) . To ensure convergence of the computed cross sections with respect to r max , the distance from the origin to which the radial equations are integrated, the value of r max was varied as a function of the scattering energy, E scat . In particular, we chose r max such that |V (r max )|/E scat 10 −6 . At the lowest energy considered in this study, E scat = 0.1 meV, we took r max = 11 304 au.
We have analysed the low-energy behaviour of the l = 0 eigenphase using the modified effective-range theory formula of Fabrikant (1984) . We find that the scattering length of the SECP potential is A 0 = −9.21 au which corresponds to an S-matrix pole on the imaginary k-axis at k = −0.109i au. This implies that the virtual state lies at an energy classically inaccessible by ∼162 meV (Morrison 1982 , Gauyacq 1990 ). In addition, as k → 0 the differential cross section for elastic scattering was found to be isotropic (Morrison 1988 ) so that in this limit the ratio of backward to total scattering becomes 0.5.
Results of these calculations are shown in figure 1, illustrating qualitative agreement between computed and experimental results. Computed values of the ratio of backward to integral total scattering cross sections are shown in figure 4. Qualitative agreement is again found with both experiment and theory showing a minimum in the variation of the ratio with electron kinetic energy. Since theory involves a virtual state and shows trends which are matched by experiment, this reinforces our conclusion that virtual state scattering is the cause of the large scattering cross sections for benzene at low energy.
Concluding remarks: astrophysical implications
There is experimental evidence that other species, related to benzene, may also show virtual state scattering at very low electron impact energy. In figure 5 we show data for naphthalene (C 10 H 8 : two benzene rings), illustrating a rapid rise in both integral and backward scattering cross sections with decreasing electron impact energy, in accord with the anomalously low mobility of thermal electrons measured in anthracene (Christophorou et al 1973) . Anthracene (three benzene rings) and perylene (five benzene rings) show similar behaviour in data restricted only to backward scattering (Field et al 1999) . None of these three polycyclic aromatic hydrocarbons (PAHs) possess dipole moments. Virtual state scattering therefore seems a strong candidate for the rise in cross section at low-electron impact energy.
As pointed out in Weber et al (1996) and Lucchese et al (1999) for C 60 , virtual state scattering may act as a gateway for the formation of negative ions. The virtual state may decay into the dense manifold of highly excited rovibrational modes in large polyatomic targets. The resulting negative ion is of course metastable to autodetachment. Lifetimes within the dense manifold of states may, however, be sufficiently long that excess energy could be radiated away in the infrared to form stable anions in low-pressure environments, such as the interstellar medium. Note, however, that this would not take place with naphthalene, since it has a negative electron affinity, whereas negative ion formation would be possible, for example, for anthracene with an electron affinity of 0.5 eV (Burrow et al 1987) .
The formation of PAH − ions in the presence of cold electrons would have a major influence on the chemistry of the interstellar medium (Omont 1986) , in which PAHs are considered strong candidates for the carriers of numerous bands in the infrared (Hartquist and Williams 1998) . For example, the rate of recombination with electrons of protonated parent ions to form abundant molecular species such as CO, H 2 O, NH 3 , methanol or ethanol in the gas phase would be substantially modified through the depletion of electrons and the substitution of PAH − . Detailed astrophysical models show that the magnetic properties of the interstellar medium are also substantially modified by PAH − formation, with a powerful resulting influence on the structure of magnetic shocks (Flower et al 1996) . This is important for astrophysical models of star-forming regions, such as that in Orion (Vannier et al 2001) , in which magnetic shocks compress the interstellar gas and hasten gravitational collapse to form stars. Hence the role of virtual state scattering may be quite far-reaching in our understanding of problems in astrophysics.
